Perceptual constancy refers to the ability to stabilize the representation of an object even though the retinal image of the object undergoes variations. In previous studies, we proposed a General Object Constancy (GOC) hypothesis to demonstrate a common stabilization mechanism for perception of an object's features, such as size, contrast and depth, as the perceived distance varies. In the present study, we report another depth illusion supporting the GOC model. The stimuli comprised pairs of disks moving in a pattern of radial optic flow. Each pair consisted of a white disk positioned upper left to a dark disk, creating a percept of the white disk casting a shadow. As the pairs contracted towards the center of the screen in accordance with motion away from the observer, the two disks in each pair appeared to increase in contrast and separate farther away from each other both in the fronto-parallel plane (angular separation illusion) and in depth (depth separation illusion). While the contrast illusion and the angular separation illusion, which is a variant of the size illusion, replicated our previous findings, the illusion of depth separation revealed a depth constancy phenomenon. We further confirmed that the size and depth perception were related, e.g., the depth separation and the angular separation illusions were highly correlated across observers. Whereas the illusory increase in the angular separation between a disk and its 'shadow' could not be canceled by modulation of depth, decreasing the angular separation could offset the illusory increase in depth separation. The results can be explained by the GOC hypothesis: the visual system uses the same scaling factor to account for contrast, size (angular separation), and depth variations with distance; additionally, the perceived size of the object is used to scale its depth and contrast signals in order to achieve constancy.
Introduction
Perceptual constancy is a vital visual ability. Humans need to construct a stable and meaningful representation of objects in order to identify and interact with them. However, the retinal image of an object is constantly changing due to the continuous environmental changes. Perceptual constancy allows us to perceive the features of an object to be constant, even though the retinal image of the object undergoes variations. For example, size constancy is one of the constancy phenomena associated with variations in viewing distance (Boring, 1964; Carlson, 1962; Gregory, 1963) . To stabilize the size perception of an object as viewing distance changes, researchers proposed that an estimate of distance can be used to compensate for the associated change in retinal image size (Boring, 1940; Epstein, 1963; Epstein, Park, & Casey, 1961; Kaufman et al., 2006; Qian & Yazdanbakhsh, 2015; Qian, Liu, & Lei, 2016) . If distance estimation goes wrong, a size illusion occurs. A number of related size illusions, e.g., the moon illusion and the Ponzo illusion, are presumably due to the misapplied scaling of the size -distance relationship (Dees, 1966; Gregory, 1963; Kaufman & Kaufman, 2000; Ross, 1967; Ross, 2000) .
Similarly to the object's size, the depth profile of an object varies with the viewing distance as well. It is often encoded as different depth cues on the retina. For example, the perceived depth change may result from variations in binocular disparity, which is approximately the inverse of the square of viewing distance (Foley, 1980; Wallach & Zuckerman, 1963) . Although there were controversies (Johnston, 1991; Norman, Todd, Perotti, & Tittle, 1996; Todd & Norman, 2003) , previous research has found that an object's depth profile is perceived to be almost invariant (with a tendency of underestimation) across various viewing distances, as long as observers could get an accurate estimation of the distance (Allison, Gillam, & Vecellio, 2009; Collett, Schwarz, & Sobel, 1991; Glennerster, Rogers, & Bradshaw, 1998; Ritter, 1977; Ritter, 1979) . These revealed a depth constancy phenomenon.
Compared to size constancy, research findings on the magnitude of depth constancy were less consistent over far distances. For example, Palmisano et al. found that the average depth-interval estimates of two depth-separated LEDs were 59% of the actual interval at a viewing distance of 20 m and 52% at a distance of 40 m, suggesting an overall underestimation but considerable constancy of the perceived relative depth over these two large viewing distances (Palmisano, Gillam, Govan, Allison, & Harris, 2010) . In an earlier study, Cormack showed that depth constancy was nearly perfect up to 27 m (Cormack, 1984) . However, the study was criticized for the use of a depth probe, since the probe might serve as a reference for comparing various depth cues. Despite these inconsistencies, it is widely accepted that the phenomenon of depth constancy exists as we encounter it in everyday life.
Estimation of perceived distance is crucial to size and depth constancies. Binocular disparity and oculomotor depth cues are usually more effective at near distances, typically within two meters (Campbell, 1957; Hillis, Watt, Landy, & Banks, 2004; Ono & Comerford, 1977) . For example, Bradshaw, Parton, and Glennerster (2000) asked observers to set the depth interval between two test LEDs at 1.5 m or 3 m to equal the depth interval between a pair of comparison LEDs, and found that observers performed equally well when depth information was supplied by disparity, by motion parallax, or by both cues. Monocular depth cues, such as occlusion, linear perspective, familiar size, and motion parallax, could contribute to depth perception at much greater distances. Studies showed that long-range linear perspective cues could even override the contradictory binocular disparity cues (O'leary & Wallach, 1980; Wallach & Zuckerman, 1963) . In addition to these visual cues, optic flow may affect depth perception as well, which often conveys important depth information through interactions between the observer and the environment. A study showed that adding stereoscopic cues, or changing-size cues to an optic flow pattern significantly increased the forward linear vection in foveal vision, suggesting that both changing-size and stereoscopic depth cues could provide additional motion-in-depth information that improves distance perception (Palmisano, 1996) .
Our previous studies showed that a radial optic flow pattern consisting of disks moving towards/away from the center of the display could induce illusory variations in the perceived distance, which could further trigger visual illusions resulting from the constancy mechanisms (the StarTrek illusions, Qian & Petrov, 2012; Qian & Petrov, 2013) . For example, both the size and the contrast of the moving disks appeared to increase with the apparent distance (Qian & Petrov, 2012) . Based on the correlation found between the contrast illusion and the size illusion, we proposed the General Object Constancy (GOC) model. This model posits that in order to achieve the veridical perception of an object's feature, the same factor is used to scale various retinal metrics, such as contrast, size, and depth, as a function of perceived distance. Consistent with the model, several studies showed that perceived size and depth are related by a common distance scaling factor (Collett et al., 1991; Rogers & Bradshaw, 1993; van Damme & Brenner, 1997 ). In the current study, we investigated an illusion of depth separation by employing a new version of the StarTrek illusion paradigm. We found a strong correlation between the perceived angular separation and the perceived depth separation of the stimuli, supporting the GOC model.
Material and methods

Participants
Twenty-six observers with normal or corrected-to-normal vision were tested. Twenty-three of the observers were naive to the purpose of the study; only three were experienced psychophysical observers. Observers were trained for a short time (2-5 min) to get acquainted with the stimuli and the task. This research was approved by the Northeastern University Institutional Review Board (IRB), and was in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Written informed consent approved by the IRB was provided by each participant prior to the experiment.
Stimuli
We employed a pattern of radial optic flow to evoke perceived viewing distance changes. Similar to our previous experiments (Qian & Petrov, 2013) , the optic flow stimuli were viewed through a Wheatstone stereoscope on a pair of linearized 21" ViewSonic G225f monitors. The frame rate was 75 Hz. The display resolution was set to 1600 Â 1200 pixels; and for the typical viewing distance of 110 cm, a pixel subtended 1 arcmin.
The stimulus was a set of high-contrast disk pairs randomly located on a gray background. In the peripheral part of the display, disks formed a static stencil mask providing a depth reference plane. The mask had a 10 circular aperture positioned at the center of the display. Through the aperture, the observers saw pairs of disk moved in a pattern of radial optic flow (Fig. 1 , the left panel). The optic flow could be perceived as the disks being positioned on a fronto-parallel plane moving back and forth with a constant speed. The magnitude of the motion corresponded to the disks moving farther away to 220 cm, i.e., twice the distance to the screen. At the beginning of each trial, 100 pairs of disks were displayed. As the disks moved towards the center of the screen, additional disks filled in along the boundary of the aperture from behind the occluding mask and continued to move in the pattern of optic flow. The observers perceived the disks to be moving farther away as they moved towards the center while the density of the disks increased. We referred to this motion phase as 'stimuli contraction'. The motion phase where disks moved away from the center and therefore appeared to move towards the observer was referred to as 'stimuli expansion' (Qian & Petrov, 2012 . Each pair of disks comprised a white :05 disk positioned upper left to a dark disk of the same size but with a softer edge. This created a percept of a white disk casting a shadow. The angular separation between the white disk and the dark disk within a pair was :3
. An interpretation of 'disks casting shadows' was suggested to the observers, therefore the stimulus was referred to as ''disks casting shadows".
At the beginning of each trial in Experiment 1, 2 and 4, a relative disparity of :02 was added between the disks and their shadows by using a Wheatstone stereoscope. This relative disparity corresponded to a depth interval of 0.65 cm at the viewing distance of 110 cm, creating a vivid three-dimensional percept of the ''disks casting shadows". No relative disparity was applied in Experiment 3. The radial optic flow pattern was used to create a percept of viewing distance variation in Experiment 1-3. In Experiment 4, additional binocular disparity modulation, consistent with the viewing distance variation conveyed by the optic flow, was applied globally to all moving disks using the stereoscope. Therefore, the motion of the disks was defined by both the optic flow pattern and the binocular disparity modulation in this experiment. The observers carried out 300 trials for each condition. Each trial lasted for 2 s, including one contraction-expansion motion cycle of the optic flow.
Psychometric procedure
Before the experiment the observers viewed a short demonstration in which the relative disparity between the disks and their shadows remained constant throughout the trial. They were instructed to fixate at the center of the screen and to avoid looking at a specific pair of disks. The stimulus was perceived as if the plane of the white disks and the plane of the dark disks (shadows) were both moving farther away from the observers during the contraction phase and moving closer during the expansion phase. In addition, there was an illusory percept of the separation in depth between the two planes increasing during the contraction phase and decreasing during the expansion phase. All of our observers reported that the depth separation between the white disks and their shadows appeared to be increasing during the contraction phase (Fig. 1 , the right panel), and decreasing during the expansion phase. We defined that the illusory change in the depth separation between the disks and their shadows that signaled by the relative disparity as the depth separation illusion. The observers also reported that both the angular separation between the disks and their shadows and the size of the disks appeared to be increasing during the contraction phase. We defined these two illusions as the angular separation illusion and the size illusion, respectively. However, since the latter was relatively small compared to the former, we shall only consider the angular separation illusion in the analysis. The observers were asked to press the right mouse button if during the contraction phase they perceived the depth separation between the disks and their shadows increasing and the left mouse button if they perceived the depth separation decreasing. If no change in the depth separation was perceived, they were instructed to click the right and the left mouse buttons with an equal chance. We encouraged them to discriminate even a slight change and to try their best to avoid 'no change' answer. Similar to our previous experiments (Qian & Petrov, 2013) , the depth separation illusion was measured with a nulling paradigm, where the relative disparity for each pair varied in such a way as to stabilize the depth profile of a pair in the course of the optic flow. In other words, a gradual decrement of the relative disparity was applied to each pair to cancel the illusory depth separation increase during the contraction phase, and vice versa during the expansion phase. The following formula describes the applied disparity modulation: A is the nulling amplitude of the disparity modulation, calculated by a modified Bayesian adaptive algorithm (Kontsevich & Tyler, 1999) . Because the sign of A was positive, disparity decreased as the simulated distance d increased. This formula was the same as the nulling function for the size illusion in our previous study (Qian & Petrov, 2012) . Theoretically, disparity decreases as the square of d while retinal size decreases linearly with d, but here we employed the same nulling function for size and disparity for two reasons: (1) there is no clear evidence showing that the visual system employs the exact squared function to compensate for the disparity loss with viewing distance; (2) using the same nulling function enabled us to directly compare the results of size nulling and disparity nulling, and to make prediction on the relationship between the two nulling results based on the General Object Constancy model. The squared relationship between disparity and distance was then applied in the model prediction. The strength of the illusion was measured as the percent change of d necessary to null the illusion for the maximum distance, d ¼ 2d 0 . The greater the percent change of d was, the stronger the illusory effect was observed. If the value was zero, this indicated no illusion. The standard deviation of the Bayesian adaptive algorithm estimates was used as the measure of uncertainty for the strength of the illusion.
Results and discussion
Experiment 1: Illusion of the depth separation
In this experiment we tested the strength of the depth separation illusion. Ten observers who participated in the experiment reported seeing both the angular separation illusion and the depth separation illusion. These two illusions may be attributed to the misapplied size and depth constancy mechanisms respectively. The distance scaling evoked by the optic flow was applied to the constant angular separation and disparity in the stimulus to produce the illusions, as specified by the GOC model. Since the two illusions involved changes happening in the fronto-parallel plane and in depth respectively, we stressed the 'depth separation' instead of the 'separation' when instructing observers to perform the task.
In Fig. 2 , the left panel shows the strength of the depth separation illusion for individual observers; the right panel shows a comparison between the depth separation illusion and the size illusion reported in our previous studies (Qian & Petrov, 2012) . Despite the small individual differences between the observers, the illusory effect was phenomenally high. 40-50% illusory increases in the relative disparity between the disks and their shadows were observed averaging to 46:6 AE 1:9%. In other words, the relative disparity applied to a pair of disk and its 'shadow' had to be decreased to an average of :011 at the simulated farthest distance, which corresponded to a depth interval of 0.32 cm at the distance to the screen. This indicates that the depth separation between a disk and its shadow needed to be decreased by 51% during the contraction phase, in order for observers to remain a constant percept of the depth separation. Fig. 3 demonstrates the depth separation illusion and the angular separation illusion of the ''disks casting shadows". One pair of disk and its 'shadow' (the solid white and black disks) at the end of the contraction phase is shown as viewed from the top. S indicates the angular separation between the white disk and its shadow, and D indicates their separation in depth. The semitransparent disks show their illusory positions. The illusory increase in depth separation was about 51%. We assumed that the size illusion previously measured on the size of the disks (Qian & Petrov, 2012) could be generalized to any object that perceived to be a whole. Since a pair of disks tended to group together and were perceived as a whole object (in reality we rarely perceptually separate an object and its shadow), we presumed that the angular separation illusion was a variant of the size illusion with an effect of 15%. Indeed, in Experiment 3, we found an illusory increase in the angular separation of about 16%.
However, the perception of an object's size in the frontoparallel plane and the perception of the object's depth profile may not be independent from each other. Since objects of greater size often tend to have a greater depth profile, ecologically, the visual system may use this heuristic to facilitate the perception of size and depth. For example, Kersten, Knill, Mamassian, and Bülthoff (1996) found that laterally moving a cast shadow away from the stationary target could induce an illusory depth increase between the target and its shadow. In this case, the angular separation corresponds to a broader sense of size in the fronto-parallel plane, if the target and the shadow were perceived as a whole. The same logic applies when one imagines uniformly scaling the dimensions of an object, e.g., inflating a balloon: the change in size of the object is proportional to the change in its depth profile. For the ''disks casting shadows" stimulus, increasing the angular separation by S 0 corresponds to an increase in depth by D 0 (the dashed line is parallel to the top slanted line). In other words, a fraction of the illusory increase in depth separation (D 0 ) might be attributed to the illusory increase in apparent angular separation (S 0 ) resulting from the compensation mechanism of size constancy. Since our previous study suggests that the perceived size affects the perceived depth but not vice versa, we expect this effect to be unidirectional (Qian & Petrov, 2013 , see discussion for details). If the apparent angular separation remained the same during the optic flow motion, we would expect this fraction (D 0 ) to disappear. The remaining fraction of the illusory depth separation increase could be solely attributed to the compensation mechanism of depth constancy, hence we termed it the 'net depth illusion' (indicated by D n in Fig. 3 ). Note that the distance-scaling on depth occurs before the size-scaling effect on depth (see the GOC model in the General discussion), therefore D 0 should be obtained after D n took place. We could calculate the net depth illusion based on geometry, and conclude that the net depth illusion, which can be attributed solely to the depth constancy mechanism, was 31%. This is consistent with our previous study, where we found a depth illusion of 30% while keeping the perceived size of the object constant, i.e., eliminating the contribution of the illusory size variation on the object (Qian & Petrov, 2013) . The results show that the strength of the net depth illusion is robust across different stimuli, and reveal an effect of the angular separation (size) illusion on depth perception by partitioning of the depth separation illusion into the two parts.
3.2. Experiment 2: Effect of angular separation nulling on the depth separation illusion
While Experiment 1 suggested an indirect effect of the perceived angular separation (size) on the depth separation illusion, in this experiment we wanted to test whether modulating the angular separation between the disks and their shadows could directly cancel the depth separation illusion, and whether there was a relationship between the effect of disparity nulling and that of angular separation nulling. To this end, we compared the two different ways of nulling the depth separation illusion: disparity modulation and angular separation modulation. The stimuli were the same as in Experiment 1. Seven observers participated in the experiment and were tested on both conditions in the separate experimental blocks. The angular separation modulation was given by the analogous formula,
, where SðdÞ stands for the angular separation at the apparent viewing distance d. As a result of the angular separation modulation, the 'shadows' moved closer to the white disks during the contraction phase and vice versa during the expansion phase. The left panel of Fig. 4 compares the results of the two nulling conditions. On average, the disparity nulling amplitude was 46:7 AE 1:2% and the angular separation nulling amplitude was 33:3 AE 2:4%. The results showed that the angular separation nulling could cancel the illusion, and that the amount of the angular separation change necessary to null the illusion was smaller than that for the disparity nulling (tð6Þ ¼ 4:63; p < 0:001).
In other words, angular separation modulation could cancel the illusion more 'efficiently' than disparity modulation. This may be due to the fact that size (angular separation) decreases linearly while disparity decreases quadratically with the viewing distance. In order to null the same illusion, higher nulling amplitude of disparity was required than that of size (angular separation). It was consistent with the GOC model, which predicts that the size perception could strongly modulate the depth perception.
To further test the validity of the GOC model we replotted the data as a correlation between the two conditions, as shown in the right panel of Fig. 4 . Because the angular separation nulling inevitably involved canceling the angular separation illusion while the disparity nulling did not, the part of the angular separation nulling used to cancel the angular separation illusion (approximately 15%) was subtracted from the data. The remaining part was called the adjusted angular separation nulling, which was used solely to cancel the depth separation illusion. The amplitude of the adjusted angular separation nulling (y-axis) and the disparity nulling (xaxis) were compared. The red curve shows the parameter-free prediction of the GOC model, y þ 1 ¼ ffiffiffiffiffiffiffiffiffiffiffi x þ 1 p (for mathematical details see the Appendix). Since the data lack sufficient dispersion, the fitness of the model prediction is hard to assess. Overall, the model provides a reasonable prediction on the average amplitudes of the angular separation nulling and the disparity nulling for these observers. There may be several confounding factors that result in the differences between the theoretical prediction and our observations, see discussion for details.
Experiment 3: Effect of depth percept on the angular separation illusion.
Experiment 2 shows that the angular separation modulation could affect the depth separation illusion. One might ask whether depth perception can affect the strength of the angular separation illusion. Specifically, would the angular separation illusion be enhanced if the stimuli appear to be separated in depth, compared to the stimuli that appear to be in the same depth plane? We conducted Experiment 3 to investigate this question. Five observers took part in the experiment. We tested two types of stimuli, the ''disks casting shadows" and the ''plain disks", in the separate blocks. The ''disks casting shadows" stimuli were the same as in Experiment 1, except that the relative disparity between the paired disks was removed. Even with no physical relative disparity applied between the disks and their shadows, observers reported a similar three-dimensional percept as in the previous experiments: white disks casting shadows. In other words, an illusory depth separation was perceived between the white disks and their shadows. This was to be expected since laterally moving a cast shadow toward and away from the stationary target could induce an illusory depth change (Kersten et al., 1996) . The ''plain disks" stimuli composed of pairs of disks of the same color, i.e., two disks within a pair were both white or both black. In each trial, pairs of black disks and pairs of white disks mixed in equal proportion were moving towards and away from the center of the screen. The observers reported that the disks appeared to be at the same depth plane, i.e., no depth was perceived within a pair of disks. For both types of the stimuli, the separation between the paired disks appeared to be increasing during the contraction phase, and decreasing during the expansion phase. An angular separation modulation within each pair of disks was used to null the angular separation illusion. For the ''disks casting shadows" stimuli, observers were asked to judge whether the separation within the diskshadow pairs increased or decreased in a three-dimensional space during the contraction phase; for the plain disks stimulus, they were asked to judge whether the separation increased or decreased in the fronto-parallel plane. A comparison between the illusory angular separation change of the shadowed disks (x-axis) and that of the plain disks (y-axis) is shown in Fig. 5 , the left panel. On average, the angular separation illusion for the plain disks was 17:6 AE 1:1%, and for the shadowed disks was 16:3 AE 1:9%. This was consistent with the strength of the previously-reported size illusion (15%) measured on the size of the disks (Qian & Petrov, 2012) , suggesting that the illusion was the same for a single object or grouped elements (disk pairs) that were perceived to belong to the same object. The black line indicates the least-square linear fit: y ¼ ax, with a slope of a ¼ 1:08 AE 0:07. A paired t test showed that the results of these two types of stimuli had no significant difference (tð4Þ ¼ 1:04; p > 0:1). This indicated that even though the shadowed disks were perceived to have depth separation, this perceived depth could not affect the angular separation illusion. It was consistent with findings of our previous studies (Qian & Petrov, 2012; Qian & Petrov, 2013) and with the GOC model, as will be discussed later.
Experiment 4: Adding disparity-defined motion in depth.
The radial optic flow pattern induced the illusory viewing distance variation in the previous three experiments. In reality, such optic flow is normally accompanied by the binocular disparity change in accordance with variation in the viewing distance. In Experiment 4, we tested whether the depth separation illusion could be further enhanced by adding disparity-defined motion. The same stimuli as in Experiment 1 were used here except that an additional binocular disparity modulation consistent with the illusory viewing distance change signaled by the optic flow, was applied globally to all moving disks. Seven observers who participated in the Experiment 2 were tested on the condition of 'disparity-defined motion'. The experimental procedures remained the same as in Experiment 1.
The right panel of Fig. 5 shows a comparison between the results of the 'disparity-defined motion' condition and the 'no disparity-defined motion' condition, which are the results of the disparity nulling taken from Experiment 2. On average, the illusory depth separation increase for the 'disparity-defined motion' condition was 46:7 AE 2:2%. The added binocular disparity cue did not affect the strength of the depth separation illusion significantly (Fð1; 27Þ ¼ 0:32; p > 0:5). This result was consistent with previous studies that show optic flow/looming depth cues to be more effective than binocular cues for large-scale texture-like stimulus (Howard, Fujii, & Allison, 2014; Qian & Petrov, 2013) .
General discussion
This study used a modified version of the StarTrek illusion to investigate the phenomenon of depth constancy. We reported an illusion of depth separation induced by the radial optic flow motion: the depth separation between the white disks and their shadows appeared to be increasing as the apparent distance increased, and vice versa. Experiment 2 showed that the depth separation illusion could be cancelled either by relative disparity modulation or by angular separation modulation between the disks and their 'shadows'. The angular separation nulling was more effective than the disparity nulling, suggesting that the perceived angular separation had a strong effect on the depth separation illusion. On the other hand, when the relative disparity between the disks and their shadows was removed from the stimuli, the depth percept persisted and did not strengthen the angular separation illusion in Experiment 3. Experiment 4 showed that adding disparity-defined motion in depth did not enhance the depth separation illusion, suggesting that perceived motion in depth seemed to be mostly based on monocular rather than binocular depth cues.
We suggest that the depth illusion may result from a depth constancy mechanism compensating for disparity loss associated with perceived viewing distance change. Under normal viewing conditions, an object's depth profile (encoded by the binocular disparity) decreases as the viewing distance increases. The depth constancy mechanism may allow the perception of an object's depth profile to remain relatively invariant by scaling the binocular disparity as a function of viewing distance (Glennerster, Rogers, & Bradshaw, 1996; Petrov & Glennerster, 2004) . In our study, the motion of disks created a percept of viewing distance change, which evoked the compensation mechanism of depth constancy. Hence, distance-scaling was applied to the constant disparity signal in the stimuli and the illusion occurred.
However, whether our visual system implements a perfect depth constancy mechanism is still under debate. Ideally, the visual system could rescale disparity with viewing distance to preserve the 3D shape of an object, but research suggests otherwise. Johnston (1991) tested depth constancy by asking observers to judge the shape of a hemicylinder with continuous curved surface presented as random dot stereogram. The results showed that the true circular cylinders appeared elongated at a close viewing distance (about 0.5 m); veridical at an intermediate distance (about 1 m); and flattened at a far distance (about 2 m). The author suggested that the observed shape distortion, thus the failure of depth constancy, was a consequence of scaling horizontal disparity with an incorrect viewing distance estimation. Consistent with this study, Todd et al. found that the perceived 3-D shape from texture, motion and binocular disparity was not invariant over changes in the viewing distance (Tittle, Todd, Perotti, & Norman, 1995; Todd & Norman, 2003) . Furthermore, Norman et al. (1996) found that the perceived three-dimensional length varied systematically with viewing distance. Richards (2009) compared the perceived aspect ratio (or eccentricity) and the theoretical ratio of the trajectory in an adapted version of the Pulfrich effect based on geometry. He found that the perceived relation between depth and disparity changes as viewing distance changes, suggesting only partial compensation, thus partial 3D shape constancy, over most of the range of viewing distances. Although we suggest that the depth illusion observed in our study may result from a misapplied depth constancy mechanism, whether the compensation reflects a perfect depth constancy is not of our primary interest. Instead, our results indicate that size (reflected as angular separation) and depth perception employed the same distance-scaling factor, and additionally, other factors (such as perceived angular separation in our study) may contribute to depth-disparity scaling.
There are several studies supporting this point of view. Volcic, Fantoni, Caudek, Assad, and Domini (2013) found that when observers were adapted to a sensorimotor misalignment consistent with a longer reach extent, the perceived depth of the three-dimentional visual stimuli were veridical at a larger distance. This suggests that the perceptual scaling of disparity could be tuned to a new actorenvironment relation. Another study shows that the observer's task could affect the judgment of depth: Glennerster et al. (1996) found that when the observer was asked to match rather than accurately judge the depth interval of the target, information about absolute viewing distance was not required and yet depth constancy was about 100%. In a later study Glennerster et al. (1998) suggested that the judgment of absolute distance, which was required for estimating a disparity-defined depth interval, was influenced by the range of disparities in a scene.
Although the underlying mechanism of depth/disparity scaling is still under investigation, research shows that retinal size and disparity are scaled by the same distance (van Damme & Brenner, 1997; Rogers & Bradshaw, 1995) . van Damme and Brenner (1997) asked observers to adjust the size and the depth of a simulated ellipsoid to match a ball. Distances at which the set retinal size and the set retinal disparity would match the ball were calculated based on geometry respectively. There was a reliable correspondence between the two distances, indicating the same distance was used for scaling retinal size and disparity. In addition, Rogers and Bradshaw (1995) found similar magnitudes of distance scaling for size, depth and shape at a much larger range of simulated distances. Our study also supports that size constancy and depth constancy may be related by a same distance-scaling mechanism -a model that we called the General Object Constancy (see Fig. 6, Qian & Petrov (2012 ).
Although size reflects the fronto-parallel dimensions of an object while angular separation reflects the extent between two elements in the fronto-parallel plane, in essence, both rely on a measure of retinal size. In our stimulus, the angular separation between a disk and its shadow may be considered as the size of a pair of disks, since they were grouped together and perceived as a whole. Therefore, in the following discussion we focus on the common characteristics of size and angular separation. In the model the brain employs a single scaling factor, kðdÞ, as a function of viewing distance d for the size/angular separation and the depth signals. k is squared to simulate a constant depth percept since disparity decreases as the square of d. Additionally, the perceived size/ angular separation, serving as another scaling factor, k 0 , further modulates the perceived depth (k 0 is also squared in the model).
This explains why the depth separation illusion (Experiment 1) is significantly stronger than the angular separation illusion (Experiment 3) and the size illusion previously reported (Qian & Petrov, 2012) . The perceived depth does not come into perceived size/ angular separation calculations, this explains the result of Experiment 3 where the depth percept does not affect the angular separation illusion. Because the size/angular separation and the depth are both scaled as a function of viewing distance, however, the perceived size/angular separation is further used to scale the perceived depth but not vice versa; this explains the result of Experiment 2 that the amount of angular separation modulation required to cancel the depth separation illusion is less than that of disparity modulation. The model provides a parameter-free explanation of the result of Experiment 2 shown with the red curve in Fig. 4 (the right panel) given by y þ 1 ¼ ffiffiffiffiffiffiffiffiffiffiffi x þ 1 p relationship (see Appendix). Note that even though the model reasonably predicts the average amplitudes of the angular separation nulling and the disparity nulling, there might be confounding factors affecting the accuracy of the prediction for individual observers. Under normal viewing conditions the angular size/separation decreases with the viewing distance, but because of the angular separation illusion, the perception was reversed in our experiment. This may interfere with the effectiveness of the scaling mechanism in general. After all, constancy mechanisms work best in natural Fig. 6 . General Object Constancy mechanism. The disparity and the retinal size are scaled by a distance factor k. The disparity is further scaled by another size factor, k 0 .
'AS' stands for angular separation.
environments. Furthermore, the model suggests that the perceived size factor accounts for depth perception in a squared fashion, so the distortion in angular separation perception is magnified in disparity scaling resulting in further deviation from the model prediction for individual observers. The GOC model states that the perception of various object features is intercorrelated in a specific way. In everyday life variations of the features are associated with each other as viewing distance changes. Ecologically, it is possible that the neural substrates in the brain are wired to accommodate these associations. There have been a few studies that investigated the intercorrelation of feature perception. In our previous study, we demonstrated an illusion of depth gradient by using 'pencil' stimulus in the StarTrek paradiagm (Qian & Petrov, 2013) . The depth gradient was defined as the depth interval of the stimulus (encoded as its relative disparity) over its perceived size, i.e., the sharpness of the 'pencil tip'. In an illusory fashion, the depth gradient appeared to be increasing with the perceived distance, i.e., the pencil tip appeared to be growing sharper. The depth gradient illusion was observed together with the illusory change in the size of the pencils, similar to the current study. The depth gradient illusion could be cancelled by modulating either the size or the relative disparity of the pencil tip, and the size modulation was more effective. Contrariwise, the size illusion could not be cancelled by disparity modulation. These results suggest that perceived size could affect perceived depth, but not vice versa. Collett et al. (1991) investigated how angular size and oculomotor cues interacted in the perception of size and depth by using stereoscopically simulated 3D surfaces. They suggested that viewing distance and angular size might contribute in a similar way to the perception of size and depth, and the effect of angular size grows with viewing distance. The angular size component described in their study is in accordance with the size scaling factor in our GOC model. Brenner and van Damme (1999) examined whether adding information of one feature could improve judgment on another feature. They found that adding information about distance improved the judgements on size, shape and distance, suggesting that certain part of the errors were because of viewing distance misestimation. However, providing information about shape (depth), resulted in more veridical judgements of its shape (depth), but not that of its size (width & height) or distance. These results, again, are consistent with the GOC model in a sense that size and depth perception rely on some common measures, such as viewing distance; while shape perception does not affect the size or distance judgments. Given that features like size, contrast, and depth profile can be united by the GOC, it is possible that perception of other features share the same common mechanism as well. Further research on features besides size, depth and contrast will explore whether GOC could account for other object features.
There may be alternative explanations for the effect of angular separation modulation on the apparent depth separation in Experiment 2. For example, the equidistance tendency and the adjacency principle proposed by . The equidistance tendency suggests that objects have a stronger tendency to appear at the same depth plane as their directional separation decreases Gogel, 1969) . The adjacency principle suggests that perceived position/size of an object is determined by the distance/-size cues present between itself and perceptually adjacent objects Gogel, 1972; Gogel & Tietz, 1976) . According to these two principles, a disk' shadow would tend to appear at the same distance as the disk that casts it when a gradual decrement of the angular separation was applied during the contraction phase, thus the illusory increase in depth separation could be effectively cancelled. Research shows that equidistance tendency could affect depth perception involving stereoscopic cues (Gogel, Bruen, & Inaba, 1954; Harker, 1962) . Therefore, it is possible that these two explanations contribute to the effect studied in Experiment 2.
Finally, our study employed the radial optic flow that consists of disks moving back and forth to induce the perception of viewing distance change. However, the angular separation, the binocular disparity and the oculomotor depth cues were in conflict with the depth cues provided by the optic flow. Yet, the physically unchanged angular separation and relative disparity within the paired disks were perceived to be increasing when receding optic flow was perceived. Moreover, adding disparity-defined motion did not affect the strength of the illusion. These results suggest that depth cues differ in their effectiveness, and motion in depth is mostly signaled by the optic flow. In general, monocular depth cues seem to be more effective in inducing depth perception than binocular cues. Brenner, Van Den Berg, and van Damme (1996) asked observers to adjust the velocity of a laterally moving object to match the approach velocity of the target. They found that changing size produced higher perceived velocity than changing relative disparity in the single cue conditions. Other studies show that the effect of linear perspective cues overrides that of the conflicting disparity and oculomotor cues (O'leary & Wallach, 1980; Wallach & Zuckerman, 1963) . When conflicting cues coexist it is still under debate whether the visual system employs a simple weighted averaging or cue dissociation. Regan and Beverley (1979) proposed that the monocular and binocular cues combined according to a weighted-sum model. They found that a motion-indepth perception produced by changing size could be canceled by an opposed change in relative disparity. Heuer (1987) confirmed that when the two cues have the same sign they combine by simple summation. However, when one cue signaled an approaching object and the other a receding object the cues rivaled rather than combined with either one dominating. Howard et al. (2014) 's study also indicates that the conflicting cues rivaled rather than combined. In a review Landy and Brenner (2001) concluded that cue combination of stereo and motion could improve 3-D shape estimates under certain restricted circumstances, but rarely contributes to distance estimates. In our stimuli, optic flow alone provided a dominating percept of distance change that prevailed over the other depth cues.
Conclusions
The StarTrek paradigm demonstrated several visual illusions across different feature dimensions, including size, contrast, and depth. In this study, the depth separation illusion was investigated. We found that the depth separation illusion could be cancelled more effectively by the angular separation modulation than the relative disparity modulation, suggesting that the perceived angular separation (size) has a strong effect on the depth separation illusion. On the other hand, a depth percept between the disks and their shadows with no standing disparity in between could not affect the angular separation illusion. These results further consolidate the General Object Constancy model indicating that the perceptions of size and depth are related. Both features are estimated from the corresponding retinal measures scaled by the same function of viewing distance. Moreover, the perceived size serves as a strong mediator that further scales retinal disparity signals to estimate the perceived depth. The General Object Constancy model reveals that the underlying mechanisms of size constancy, contrast constancy, and depth constancy are closely associated.
